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Electron  Temperature  Dependence  of  Dissociative  Recombination 
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A three-mode  microwave  afterglow  apparatus  has  been  used  in 
conjunction  with  a high-speed  grating  spectrometer  to  study  the  variation 
with  electron  temperature  of  the  recombination  coefficient  a(Xe2*)  and 
of  the  Xe*  excited  states  produced  by  dissociative  recombination  over  the 
range  300  K £ 8000  K.  At  low  electron  temperatures,  300-700  K, 

0f(Xeo+)  varies  approximately  as  T„”  ' ^ , with  a smooth  transition  to  a 

2tJL  6 L-  cuU  r>:  + (l/Ttu>e ) 

T “°*7  variation  at  higher  electron  temperatures,  1300-7^+00  K.  At 

Tg  = 1^,  = Tn  = 300  K,  cr(Xe2+,)  = (2.3  - 0.2)  x 10“^  cm^/sec,  in  agreement 

— r I-'.  « LCu 

with  earlier  studies  at  room  temperature.  At  thermal  energy  (300  K)  Xe 

r»,. 

excited  states  up  to  but  not  exceeding  the  energy  of  the  Xeg  ion  in 
its  ground  electronic  and  vibrational  state  are  observed.  With  microwave 

heating  to  Te~  8000  K additional,  higher-lying  Xe*  states  (up  to  — 0.6  eV 

- 1 

above  the  Xei  ion  ground  state)  are  produced  by  the  dissociative 
- Xe  0 ♦) 
recombination  process. 


I.  Introduction 


The  study  of  recombination  between  Xe2+  ions  and  electrons  as  the 
electron  temperature  is  varied  is  of  interest  because;  (a)  it  offers  insight 
into  the  dissociative  recombination  mechanism  for  a simple  diatomic  ion 
containing  many  electrons  and  (b)  it  provides  needed  information  concerning 
the  overall  recombination  rate  and  the  formation  of  particular  excited 
states  under  conditions  of  interest  for  the  xenon  plasmas  of  certain  excimer 
and  rare  gas-alkali  halide  lasers.  In  the  present  case  the  dissociative 
recombination  reaction  under  study  is 

Xe2+  + e“  sp*  (Xe2)*  -*  Xe*  + Xe  , (1) 

where  the  superscript  * indicates  an  electronically  excited  state  and  the 
subscript  u indicates  an  unstable  (i.e.  repulsive)  molecular  state. 

The  rate  coefficient,  or(Xe2+),  for  the  overall  process  has  been 
obtained  at  room  temperature,  Te  = T+  = Tn  = 300  K (the  subscripts  e,  + 
and  n indicate  electron,  positive  ion  and  neutral  gas,  respectively)  by 
several  investigators1"^;  also  the  excited  states  produced  by  recombination 
at  room  temperature  have  been  studied  recently^.  In  the  present  investi- 
gations microwave  afterglow  techniques  employing  microwave  heating  of 
the  electrons  have  been  used  to  extend  the  electron  temperature  range 
over  which  the  recombination  is  studied  from  300  K to  ~ 8000  K. 

II.  Method  of  Measurement  and  Analysis 
Hie  microwave  afterglow  apparatus,  which  employs  a high-Q, 
cavity  mode  for  plasma  generation  and  for  electron  concentration  deter- 
minations and  a TE11  circular  wave  guide  mode  for  electron  heating  (see 
Fig.  1),  has  been  described  in  detail  previously^.  Hie  quartz  bottle 
containing  the  plasma-afterglow  is  a circular  cylinder  (with  tapered  ends) 
of  radii*  1.5  cm  and  effective  length  9.1  cm  and  is  connected  to  an  ultra- 
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high-vacuum  gas-handling  system.  The  xenon  gas  is  "Research  Grade"  from 
Linde  Division  of  Union  Carbide  Corp.  In  the  present  experiment  the 
discharge  (plasma  generation)  typically  lasts  0.5  msec  and  is  repeated 
at  a 30  Hz  rate. 

The  decay  of  electron  concentration  during  the  afterglow  is  obtained 
from  measurements  of  the  cavity's  resonant  frequency  shift,  from  which  one 
calculates  ny)W,  the  "microwave-averaged"  electron  density-*.  The  recom- 
bination coefficient  cr(Xe2+)  is  obtained  by  comparing  the  observed  n^w  (t) 
values  with  those  obtained  by  computer  solution  of  the  electron  continuity 
equation^ , 

dne(r,t)/dt  « - a ng2  + Da  v2  ne  , (2) 

appropriate  for  a recombination-dominated  afterglow  with  only  one  ion  species 
(i.e.  Xe2+)  of  importance,  so  that  ng  — n+.  Da  is  the  ambipolar  diffusion 
coefficient  of  Xe2+  ions  and  electrons  and  may  be  calculated  from  the 
relation  Da  = D+  (1  + Te/T+),  with  D+  obtained  from  the  measured  ion 
mobility  of  Xe2+  in  Xe^.  At  the  xenon  pressures  used  in  the  present 
experiment,  5 to  20  Torr,  the  loss  of  electrons  by  recombination  greatly 
outweighs  ambipolar  diffusion  loss  (except  at  the  highest  Te  values  studied); 
however  the  second  terra  on  the  right  of  Eq.  (2)  has  a pronounced  effect  on 
the  spatial  distribution  of  the  electrons  in  the  quartz  bottle  and  there- 
fore affects  the  calculated  values  of  n^w(t).  Since  the  solution  of 
Eq.  (2)  in  the  limit  of  small  diffusion  loss  is  the  well-known  "recombination 
decay",  l/ne(r,t)  = l/ne(r,o)  + at,  we  present  our  data  as  plots  of 
V^Hiw  (t)  to.  t. 

At  the  microwave  frequency  (u>  = 1.93  x 10 10  Hz)  and  xenon  pressures 
of  5-20  Torr  used  in  the  present  experiment  the  frequency  shift  data  must  be 
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corrected  for  finite  collision  frequency  (vc)  effects  in  order  to  obtain 
the  n^w  values.  Approximating  the  observed  variation^  with  electron 
energy  by  vc(sec”^)  “■  3 x 10®  [p(Torr)][ue(eV)]“^  for  the  electron 
temperature  range  of  interest,  increases  in  the  n^w  values  ranging  from 
15$  at  5 Torr  to  240$  at  20  Torr  are  obtained  compared  to  the  (vc/«#)  « 1 
case. 

The  optical  radiation  emitted  from  the  afterglow  is  monitored  by 
means  of  a Spex  Model  1500  SP  Grating  Spectrometer  employing  an  E.M.I. 

9658A  photomultiplier  operated  in  a pulse  counting  mode.  The  range  of 
wavelengths  detectable  with  the  present  optics  and  photomultiplier  is 
from  ~ 3900^  to  ~ 88OOA.  In  order  to  obtain  a wavelength  scan  of  the 
radiation  emitted  at  a particular  time  in  the  afterglow,  the  wavelength 
drive  of  the  spectrometer  is  run  at  typically  20  A°/min,  and  the  amplifiers 
in  the  pulse-counting  electronics  are  gated  on  for  the  selected  afterglow 
interval.  The  pulses  during  this  interval  are  fed  to  a digital  rate  meter 
with  an  averaging  time  for  the  analogue  output  of  typically  1 sec.  The 
output  is  fed  to  a chart  recorder. 

When  the  afterglow  spectrum  has  been  characterized,  the  variation 
of  the  intensity  of  a particular  line  during  the  afterglow  is  studied  by 
setting  the  spectrometer  to  the  appropriate  wavelength  and  feeding  the 
photomultiplier  output  pulses  to  a 100-channel  multichannel  analyzer 
operating  in  a multi scaling  mode.  The  start  of  the  multichannel  analyzer 
sweep  is  synchronized  with  the  start  of  each  afterglow,  with  a typical 
dwell  time  per  channel  of  100  psec. 
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III.  Results 

Examples  of  the  l/n^w  versus  t data  obtained  in  xenon  at  5 Torr 
are  shown  for  various  values  of  Te  in  Fig.  2.  The  solid  lines  represent 
the  best  fits  to  the  data  of  the  computer  solutions  of  Eq.  (2)  treating  a 
as  a parameter.  (No  attempt  has  been  made  to  fit  to  the  early  time  data, 
when  metastable-metastable  ionization  effects  are  apparent. ) 'Hie  pronounced 
upward  curvature  of  the  curves  at  late  times  and  higher  Te  values  indicates 
the  increasing  importance  of  ambipolar  diffusion  loss.  In  a test  for  a 
possible  pressure  dependence  of  the  recombination  coefficient,  no  systematic 
variation  (<  2%)  in  the  inferred  or  values  was  found  over  the  xenon  pressure 
range  5-20  Torr  at  Tg  = T+  = Tn  = 300  K. 

The  values  of  or(Xe2+)  vb  Te  inferred  from  the  data  of  Fig.  2 are 

shown  in  Fig.  3*  A smooth  decrease  of  or  with  increasing  Tg  is  noted,  the 

dependence  on  Te  becoming  stronger  above  ~ 1000  K,  where  the  variation 

-0  72 

can  be  represented  by  a ~ Te  ' . 

In  order  to  determine  which  excited  states  of  Xe  are  produced  by 
the  dissociative  recombination  of  Xe2+  ions  and  electrons,  the  decays  of 
the  afterglow  radiation  intensity  and  of  the  electron  concentration  are 
compared.  For  two-body  recombination  production  of  the  excited  states  it 
is  readily  shown  that  the  emission  intensity  I resulting  from  radiative 
decay  of  such  excited  states  varies  as  ne^.  Therefore,  in  Fig.  4 we  have 
compared  relative  variations  of  I?  and  ng  for  three  representative 
transitions,  8280a  (6Pqq  - 6s-q),  7642A  (&Pqi  - 6sq0)  and  4671A  (7p23  " ^s^) 
[modified  Racah  notation] . It  will  be  seen  that  in  these  cases  the  predicted 
dependence  of  intensity  on  ng  is  verified.  Other  transitions,  such  as 
6872A  (6^5  - 5d^)  and  7120A  ^d^  - 6P23)  die  out  very  quickly  (decay 
time  constants  ~ 100  nsec).  The  positions  of  these  and  other  transitions 
on  a partial  energy  level  diagram  of  xenon  are  shown  in  Fig.  5* 


In  the  case  of  no  microwave  heating,  Te  = T+  = 3^  = 300  K,the 
following  transitions  indicate  a time  decay  appropriate  to  a recombination 
origin  (ranked  in  order  of  decreasing  intensity):  828OA  (6pqq  - 6s^), 

8232  (Sp^  - 63^),  7642  (6?^  - 68^),  8347  (6 p'^  - 6s '01),  8819 
(6p23  - 6s 22),  7967  (7pn  - 6s'00),  7887  (6p/00  - 6s '01),  8206  (6p/u  - 6s 
8267  (6p'01  - 6s '01),  8409  (6pn  - 63^),  4671  (7p23  - 63^),  4624  (7^-^  - 
^Sig) , 4923  (7p22  “ 8s^),  4734  (6p  22  “ 8s^^),  4807  (TPqq  - 6s-] -j ) , 

4830  (7pu  - 6su),  4843  (Tp^  - 6su),  4917  (6p'u  - 68;li),  4697  (7p22  “ 
68]^),  4501  (6p'01  - 62^),  4525  (6p '22  - 6s 22),  and  4583  (6?^  - 63.^). 

When  microwave  heating  to  Te  ~ 8000  K is  employed,  additional 
transitions  are  found  to  result  from  electron-ion  recombination  in  the 
afterglow,  (again,  ranked  in  order  of  decreasing  intensity) : 712oA  (Td^^ 

6p23),  6882  (7d33  - 6p22),  6827  (4fn  - 6s 'qq),  7584  (5f45  - 5d34), 

7802  (8sn  - 6p22),  7394  (7d23  - 6Pl2),  6872  (6f45  - 5d34),  7336  (5d'23  - 
6p22 ) , 6318  (8(1^  - 6p23 ) , 6543  (9s 32  - 6p22),  and  6504  (Sp^  - 6s  '01). 

IV.  Discussion  and  Conclusions 
A.  Total  Recombination  Coefficient 

At  Te  = T+  = Tn  = 300  K the  present  studies  yield  the  value 
cr(Xe2+)  = (2.3  - 0.2)  x 10"^  cm^/sec.  This  value  is  in  excellent  agree- 
ment with  that  of  Lennon  and  Sexton2  but  is  about  60$  higher  than  the 
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value  obtained  by  Oskam  and  Mittelstadt  . We  can  not  account  for  the 
discrepancy  with  the  latter  work;  the  xenon  used  in  the  present  work  is 
free  of  contaminants  which  might  significantly  affect  the  electron  loss 
rate  (i.e.  nitrogen,  the  most  significant  impurity,  is  present  at  a level 
of  ~ 10  ppm).  Also,  only  xenon  lines  are  observed  in  the  afterglow, 
although  this  is  not  a sufficient  condition  for  demonstrating  the  absence 
of  impurities. 


The  large  value  of  <*(Xe2+)  continues  the  trend,  observed  for  the 
noble  gas  ions  He2+  through  Kr2+,  of  an  increase  in  a with  increasing 

Q 

number  of  electrons  in  the  atoms  making  up  the  diatomic  ion  . It  is  to 

be  expected  that,  for  cases  in  which  stabilization  by  dissociation  greatly 

outweighs  the  likelihood  of  autoionization  of  the  intermediate  complex 

[see  Eq.  (1)],  the  increase  in  initial  capture  cross  section  with  increasing 

complexity  of  the  diatomic  ion  results  in  a corresponding  increase  in  the 

o 

recombination  coefficient  for  the  overall  process  . 

If  one  chooses  to  represent  the  observed  variation  of  afte^)  with 

Te  shown  in  Fig.  3 by  a single-term,  power-law  dependence,  then  a least- 

squares  fit  to  the  data  yields  the  result,  er(cm^/sec)  = 2.66  x 10“^ 

[300/Te(K)]°’^°.  This  variation,  indicated  by  the  light  dashed  line  in 

the  figure,  lies  close  to  the  usual  Te“^  variation  predicted^  for  the 

direct  dissociative  process  involving  a single  potential  curve  crossing 

between  the  initial  and  intermediate  states  indicated  in  Eq.  (l).  However, 

the  error  bars  shown  in  Fig.  3 largely  represent  systematic  errors,  so 

that  the  relative  variation  of  crfXeg^)  with  Tg  is  probably  more  nearly 

~0  72 

that  shown  by  the  solid  line,  which  tends  to  a Te  dependence  above 

~ 1000  K. 

4 

The  faster-than-Te  variation  may  result  from  the  fact  that  the 
time  for  stabilization  by  dissociation  increases  with  increasing  electron 
energy,  so  that  the  probability  of  autoionization  is  no  longer  negligible 
compared  to  dissociation  at  higher  energies,  and  therefore  the  overall 
recombination  rate  becomes  less  than  the  initial  capture  rate.  However, 
an  offsetting  effect  occurs  if  additional  potential  curve  crossings  come 
into  play  at  higher  electron  energies.  In  this  case  new  final  states 
become  accessible  at  higher  electron  energies,  and  the  overall  variation 
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of  a with  Te  may  tend  to  be  slower  than  for  the  case  of  a single  curve 
crossing.  In  the  next  subsection,  we  discuss  evidence  for  additional 
recombination  channels  at  higher  electron  energies. 

B.  Excited  States  Produced  by  Recombination 

The  transitions  observed  to  originate  from  electron-ion  recombination 
during  the  afterglow  have  been  given  in  Sec.  Ill,  and  the  majority  are  shown 
in  Fig.  5*  The  energy  levels  in  the  figure  are  designated  in  modified 
Racah  notation,  the  unprimed  and  primed  states  converging,  respectively, 
to  the  P3/2  and  P^/2  levels  of  the  Xe  ion's  doublet  ground  state.  The 
solid  lines  indicate  transitions  observed  with  no  microwave  heating;  the 
dashed  lines  represent  additional  transitions  observed  with  electron 
heating  up  to  Tg  ~ 8000  K. 

It  will  be  seen  that,  in  the  absence  of  electron  heating,  no  final 
states  of  Xe  are  produced  which  lie  above  the  v = 0 vibrational  level 
of  the  Xe2+  (A  ^Eu+)  ion  ground  state^®*^-.  This  observation  is  consistent 
with  formation  of  the  excited  states  by  dissociative  recombination  of 
thermal  electrons  with  ground  state  (electronic  and  vibrational)  Xe2+  ions. 
The  observation  of  6p,  7p  and  6p'  Xe*  final  states  may  indicate  multiple 
favorable  crossings  of  the  potential  curves  of  the  (Xe2+  + e)  initial 
state  and  the  various  (Xe2*)u  intermediate  states  (refer  to  Eq.  1),  as 
might  be  expected  for  a complicated  atomic  system  such  as  Xe. 

With  electron  heating  to  mean  energies  approaching  1 eV,  additional 

Xe*  excited  states,  lying  as  much  as  ~ 0.6  eV  above  the  Xe2+  ion  ground 

state,  are  observed.  This  finding  is  also  consistent  with  the  dissociative 

* 

recombination  process,  in  which  repulsive  potential  curves  of  Xe2  states 
which  cross  the  (Xe2+  + e)  state  weld,  above  its  minimum  become  accessible 
when  the  incoming  electron  has  sufficient  kinetic  energy  to  reach  these 


states 
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Our  observations  are  consistent  with  the  production  by  dissociative 

recombination  of  any  final  state  which  lies  lower  in  energy  than  the  initial 

(Xe^  + e)  state,  independent  of  the  particular  quantum  numbers  of  that 

state.  Within  our  wavelength  detection  limits,  we  observe  all  possible 

2 

Xe  final  states,  whether  they  belong  to  the  P3/2  8round  state  of  the 
Xe+  ion  core  or  to  the  2 Pi.  ion  core.  Since  the  electronic  wave  function 
of  the  Xe£  ion  is  an  admixture  of  2P0/g  and  2pl/2  contributions > final 
states  of  Xe*  belonging  to  either  of  these  ion  core  states  are  allowed. 

The  authors  are  indebted  to  J.  N.  Bardsley  for  helpful  discussions 
of  the  theory  of  the  dissociative  recombination  process.  This  research 
was  supported,  in  part,  by  the  Advanced  Research  Projects  Agency  of  the 
Department  of  Defense  and  was  monitored  by  ONR  under  Contract  No.  NOOOl^ - 
76-C-OO98. 
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Figure  Captions 


Fig.  1 Schematic  diagram  of  the  microwave  resonant  cavity  - waveguide 
afterglow  apparatus. 


Fig.  2 Plots  of  the  reciprocal  of  the  "microwave-averaged"  electron 

density  versus  time,  with  Te  as  a parameter.  The  zero  afterglow 
times  of  successive  curves  are  displaced  by  0.5  msec  for  clarity. 
The  solid  lines  represent  fits  to  the  data  of  solutions  of  Eq.  2. 

Fig.  3 Variation  of  cr(Xe2+)  with  electron  tanperature  at  T+  = Tn  = 300  K. 

Fig.  4 Comparison  of  the  decay  of  electron  density  n)iw(t)  and  the 

square  root  of  the  afterglow  intensity  I ? of  selected 
afterglow  transitions  for  the  case  Te  = T+  = Tn  = 300  K.  The 
dashed  curves  through  the  I?  data  represent  the  renormalized 
n^w  data . 

Fig.  5 Partial  energy  level  diagram  for  xenon  showing  typical  transi- 
tions observed  to  result  from  dissociative  recombination  of 
Xeg+  ions  and  electrons.  Solid  lines  - unheated  case  (Tg  = 

T+  = Tn  = 300  K).  Dashed  lines  - additional  transitions 
resulting  from  recombination  with  heated  electrons  (Te  ~ 8000  K). 
The  weights  of  the  lines  indicate  qualitatively  the  observed 
emission  intensities.  A diagonal  line  through  a state  indicates 
that  transitions  from  that  state  were  unobservable  with  the 
present  apparatus. 
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